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CHRONOLOGY OF WETLAND HYDROLOGICAL DYNAMICS AND THE MESOLITHIC-
NEOLITHIC TRANSITION ALONG THE LOWER SCHELDT: A BAYESIAN APPROACH
Jeroen Verhegge1,2 • Tine Missiaen3 • Mark Van Strydonck4 • Philippe Crombé1
ABSTRACT. The Mesolithic-Neolithic transition in the wetland margins of the southern North Sea basin occurred well 
over a millennium after the transition in neighboring loess regions. This article investigates the possible role of hydrological 
dynamics in the presence of the last hunter-gatherer-fishermen in these wetland regions. A Bayesian modeling approach is 
used to integrate stratigraphic information and radiocarbon dates both from accurately datable archaeological remains and 
key horizons in peat sequences in the Scheldt floodplain of northwestern Belgium. This study tests whether the Swifterbant 
occupation of the study area was contemporaneous with hiatuses in peat growth caused by organic clastic sedimentation 
due to increased tidal influences and local groundwater rise. The results suggest that the appearance of this culture followed 
shortly after the emergence of a brackish tidal mudflat landscape replacing a freshwater marsh.
INTRODUCTION
In the last decade, large-scale salvage excavations in the lower Scheldt River basin have revealed at 
least three well-preserved settlements (nr 4,7, and 8 on Figure 1) dating back to the Mesolithic-Neo-
lithic transition (Crombé 2005; Sergant et al. 2006; Crombé et al. 2009). These sites have been 
attributed to the Swifterbant culture (Crombé et al. 2011b), which indicates a gradual adaptation 
from a hunter-fisher-gatherer economy to an extended broad spectrum economy that involved cat-
tle-breeding and small-scale cereal cultivation (Raemaekers 1999; Louwe Kooijmans 2010). These 
wetland sites constitute key sites in the study of the neolithization of the sandy lowlands along the 
southern North Sea basin. A series of radiocarbon dates obtained from carbonized plant remains 
(seeds and fruits) and charcoal from surface hearths and hearth dumps situate these transitional 
sites in the  second half of the 7th millennium cal BP, specifically between ~6550 and ~5950 cal BP 
(Boudin et al. 2009; Crombé et al. 2011b). In order to reconstruct the environment in which this eco-
nomic transition took place, intensive multiproxy paleoecological investigations have been conduct-
ed on peat sequences from these sites and within their immediate vicinities. This article presents the 
14C dates from these sequences in order to investigate the relationship between the archaeological 
occupation of the dated sites and the development of a peat marsh and occurrence of a tidal regime 
in the region.
AIMS
This study will focus on the following:
1. Dating of the peat development using 14C dates from the basis of the basal peat at varying ele-
vations and landscape positions in the floodplain surrounding two archaeological sites of the 
Swifterbant culture to derive a regional time-depth model.
2. Dating the beginning and ending of a first flooding period, using dates from in situ peat related 
to intercalating organic tidal clay deposits.
3. Relating #1 and #2 to 14C dates directly attributable to the occupation of the Final Mesolithic 
(FM)/Early Neolithic (EN) Swifterbant sites of Doel Deurganckdok sector B and M (nr 8 and 
4 in Figure 1).
1. Dept. of Archaeology, Ghent University, Sint-Pietersnieuwstraat 35, B-9000 Ghent, Belgium.
2. Corresponding author. Email: Jeroen.Verhegge@ugent.be.
3. Renard Centre for Marine Geology, Dept. of Geology & Soil Science, Ghent University, Krijgslaan 281 S8, B-9000 
Ghent, Belgium.
4. 14C laboratory, Royal Institute for Cultural Heritage, Jubelpark 1, B-1000 Brussels, Belgium.
884 J Verhegge et al.
PALEOENVIRONMENTAL SITUATION
The two Swifterbant sites studied are situated on the left bank of the lower Scheldt in northwestern 
Belgium. They were discovered in the municipality of Doel between 2000 and 2003, during the con-
struction of the Deurganck dock in Antwerp Harbor (Crombé 2005; Crombé et al. 2009). Both sites 
are situated on top of relatively narrow (cover)sand ridges at a depth of 0.5–1.0 m below national 
ordnance level (TAW = mean low water tide level in Oostende).
Over the past few decades, peats and organic clastic sediments have been sampled and analyzed 
on different locations both on- and offsite in the lower Scheldt Valley for geological and paleoeco-
logical investigation (pollen, seeds and fruits, diatoms, mollusks, etc.), allowing detailed region-
al paleoenvironmental reconstructions (Bastiaens et al. 2005; Gelorini et al. 2006; Deforce 2011; 
Van Neer et al. 2013). Awaiting better Belgian geological nomenclature for the Antwerp peats 
(Bogemans 1997; Gullentops et al. 2001; Baeteman 2004) and for ease of reference to older litera-
ture, the established nomenclature will be used lithostratigraphically without implying a fluctuating 
sea-level rise (Figure 2).
As soon as the local groundwater table reached the surface of the Pleistocene (cover)sands, eutro-
phic basal peat started to develop in a fen carr environment in the depressions. It started in the lowest 
depressions and developed to cover the entire area and eventually even the highest dunes, which 
were occupied by hunter-fisher-gatherer societies.
Locally, peat growth was interrupted by flooding of brackish water (formerly known as the Calais 
transgressions), which led to the deposition of organic tidal clastic sediments (“Calais deposits”). 
Pollen samples indicate that the region was situated in a transitional zone between brackish and 
freshwater environments (Gelorini et al. 2006; Deforce 2011). The botanical and zoological ev-
idence recovered from contemporaneous Swifterbant hearths (Deforce et al. 2013; Van Neer et 
al. 2013) at some localities suggests freshwater conditions, while at other locations evidence of a 
brackish water environment suggests sandy elevations within the floodplain to be covered with an 
alluvial hardwood forest, only incidentally touched by inundations.
Figure 1  Site locations of dated samples (names and bibliographic references in 
Appendices 1 and 2) in the study area (background elevation data from AGIV).
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Aside from the continuous relative sea-level (RSL) rise, this flooding was caused by a combination 
of the local post-Pleistocene topography, the availability of marine and fluvial sediments in com-
bination with a negative sedimentary balance (Beets and van der Spek 2000), and the reopening of 
old tidal gullies (Baeteman 2005). As a result, the dating of this (flooding) phase in one tidal basin 
cannot be compared to another. Because this tidal influence creates a specific ecological landscape 
surrounding the Sector B and Sector M sites, dating its occurrence is a requisite to investigate the 
relation with the (dis-)appearance of Swifterbant culture in the region.
When the tidal influence decreased, a fen carr back-barrier lagoon shifted from eutrophic to mesotro-
phic conditions. As a result, the Holland peat evolved from a sedge and Sphagnum peat (Gelorini 
et al. 2006; Deforce 2011). Finally, a new tidal phase took place that resulted in the deposition of 
several meters of marine sediments (“Dunkirk deposits”) and lasted until dike construction protect-
ed the alluvial plain from floods (Bogemans 1997).
RECONSTRUCTING PALEOGROUNDWATER RISE BY PEAT DATING
Because the basal peat layer that covered the well-drained Pleistocene sand was formed 
diachronously under the influence of rising groundwater, 14C dating of samples at the base of this 
formation approximates the contemporaneous surfacing local groundwater (LGW) level (Figure 
2). However, groundwater drainage is hampered below the mean high water (MHW) in tidal back-
barrier lagoons. As a result, basal peat growth is generally initiated around the MHW level. This 
allows the reconstruction of the local mean high water level (LMHW) and the RSL through time, 
which was first applied by Jelgersma (1961). Assuming that both modern and earlier mean sea level 
(MSL) did not differ more than 10 cm between the Belgian and German North Sea coast (Kiden et 
al. 2008), comparison between differing LGW curves has revealed a series of influencing variables 
(e.g. Roeleveld 1974; Van De Plassche 1982; Van Dijk et al. 1991; Kiden 1995; Makaske et al. 
2003; Van De Plassche et al. 2005, 2010; Berendsen et al. 2007; Kiden et al. 2008).
A first source of variation between RSL curves is subsidence. Tectonic subsidence is relatively 
small and constant throughout the Holocene (0.008–0.15 m/ka) (Vink et al. 2007). Glacio-isotatic 
and/or hydro-isostatic subsidence is the largest source of variation between RSL curves along the 
North Sea coast during the Early Holocene (~2.67 m/ka between 9–7.5 cal ka BP between BE and 
W-NL), but has decreased since 5000 cal BP (~0.4 m/ka between 7.5–5 cal ka BP) and is currently 
almost negligible (Kiden et al. 2002; Vink et al. 2007). Secondly, if the coastal barrier is opened, 
the tidal wave can enter the back-barrier easily; thus, the coastal MHW level equals the local MHW. 
Figure 2  Basic principle of mean high water (MHW) reconstruction and ap-
plied lithostratigraphic terminology (1: Pleistocene sands; 2: basal peat; 3: Cal-
ais deposits; 4: Holland peat; 5: Dunkirk deposits).
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If the gaps in the beach ridges decrease, the tidal wave is hampered and the local tidal amplitude 
decreases (local MHW = MSL) (Makaske et al. 2003). This tidal damping is called the flood basin 
effect (Van De Plassche 1982; Van De Plassche et al. 2010). On the one hand, the estuary floodplain 
of the Scheldt decreases in size downstream of Antwerp, creating a tidal bulge (tidal amplification). 
On the other hand, upstream of this bottleneck, the tidal wave is dampened, caused by the more 
shallow meandering Scheldt, which dissipates tidal flow into its tributaries and wider alluvial plain 
(tidal extinction) (Kiden 2006). Van Dijk et al. (1991) also illustrates that as a consequence of the 
rising MSL and increasing sedimentation, the effect of the decreasing river gradient is visible in 
local basal peat curves along the Rhine-Meuse (see Cohen 2003: Figure 2.3). Finally, if the riverbed 
cuts through its natural levees to create a more favorable river gradient, this creates a short-term in-
crease followed by a steady decrease in the speed of local MHW rise, superimposing the long-term 
RSL rise (Berendsen et al. 2007).
SAMPLING AND DATING
Data Collection
A database of legacy 14C dates on bulk peat samples and selected terrestrial peat macroremains 
was assembled from the literature (Appendix 1 [online supplemental file], Figure 1). If possible, 
both sample location and elevation were included. Further dates were included from a new dating 
program, yielding 20 new dates (Appendix 1, Figure 1). These dates were only performed on small 
accelerator mass spectrometry (AMS) samples of terrestrial macroremains according to Tornqvist 
et al. (1992). Suitable macroremains were selected by Hanneke Bos (ADC).
Paleogroundwater Dates
Samples have to be selected directly on top of the Pleistocene substratum as these are not compacted 
and at the original elevation. Through a series of dates at different elevations, a LGW rise curve 
can be constructed. The earliest peats were not necessarily formed under the influence of RSL rise 
because peat is also formed above MHW due to surfacing of the groundwater (groundwater gradi-
ent effect) (Van De Plassche 1982; Denys and Baeteman 1995). Therefore, sample locations with 
a high Pleistocene surface gradient such as Late Glacial floodplain dunes or paleovalley flanks are 
preferred (Van De Plassche 1982).
Various sources of error complicate the reconstruction of local groundwater rise curves using basal 
peat dates. Vertical errors in the age-depth plot can be introduced by several factors (Berendsen 
et al. 2007): the assumed depth of the sample is imprecise because of (1) sample elevation mea-
surement (0.05 m error); (2) the in-core measurement (0.03 m error); or (3) through the sample 
thickness (0.02 m error). Vertical errors due to compaction are minimal but can be approximated as 
an upward error of twice the vertical distance to the Pleistocene sand according to Van De Plassche 
et al. (2005). Further vertical errors are caused by the complex relationship between a basal peat 
sample and actual groundwater depth elevation. This is estimated to be 0.1 m by Makaske et al. 
(2003), but can vary considerably depending on the peat vegetation. For example, Phragmites grow 
up to 30 cm below the water table and were excluded, as well as rainfed Spaghnum peats (van der 
Spek 1997). Wood peat, on the other hand, develops closer to the local groundwater level (0.2 m 
error). Using the method proposed by Berendsen et al. (2007), a vertical standard deviation error of 
0.21 m was estimated.
Horizontal (age) errors can be introduced if conventional bulk dating samples are contaminated by 
inclusion of aquatic macroremains in the bulk sample, such as underlying older paleosols where 
there has been penetration by roots of younger plants. These can partially be accounted for during 
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dating sample selection but are hard to estimate. Analytical errors during laboratory measurements 
are shown through the standard deviation value of the 14C age.
Calais Dates
Dating organic remains in the Calais sediment itself would result in unreliable dates because this 
sediment was deposited in a mobile fluvial and/or marine environment, allowing the deposition 
of aquatic or older organic remains eroded from elsewhere. It is impossible to create a regional 
age-depth model using dates related to the tidal deposits as compaction could have caused vertical 
movement of the samples.
Dating the top of the basal peat directly below only provides a terminus post quem for the start of 
the tidal sedimentation. Age errors are introduced if the top of the basal peat is eroded (e.g. by tidal 
channels). On the other hand, peat marsh microtopography can introduce a later start of sedimen-
tation than the first tidal influence in the region. Therefore, only the oldest peat dates without an 
erosive transition to the Calais deposits were chosen as reliable indicators for regional appearance 
of a tidal environment.
The end of this tidal influence was dated using peat samples located at the base of the Holland peat. 
It has been observed by Vos and van Heeringen (1997) that the transition from the tidal Calais sedi-
mentation to the restart of freshwater Holland peat development is a rather slow process. Therefore, 
it is expected that the end of the tidal influence will be less precisely defined.
Archaeological Dates
Two archaeological sites with artifacts mainly belonging to the Swifterbant material culture were 
selected. The occupation of these sites has been dated using short-lived plant macroremains recov-
ered from hearths and hearth pits directly relatable to the sites’ occupation (e.g. charred hazelnuts, 
seeds or charcoal from twigs) (Van Strydonck 2005; Boudin et al. 2010) (Table 2).
MODELING AND RESULTS
Calibration, analysis, and Bayesian modeling of the dates were performed using OxCal v 4.2 (Bronk 
Ramsey 2009a) and the IntCal09 curve (Reimer et al. 2009). Other packages are also suitable to 
create deposition models of chronological records such as Bpeat (Blaauw and Christen 2005) or 
Bchron (Haslett and Parnell 2008). All three packages have been compared by Parnell et al. (2011) 
and have shown to have their individual (dis)advantages. OxCal is capable of modeling and que-
rying both archaeological and geological data from different sequences. However, OxCal has the 
disadvantage of not including the sample thickness (Bronk Ramsey 2008) in its age-depth models 
while Bchron does (Parnell et al. 2008). Nevertheless, our central question was the relationship of 
the various peat sequences to the Swifterbant occupation of the area, for which OxCal was most 
amenable.
Outlier Detection
Two steps of outlier detection were employed. First, potentially erroneous dates were marked as 
outliers manually after critically evaluating the available context information. Secondly, outlying 
dates were rejected from the model, using an overall model agreement index below 60% as an out-
lier indicator according to Bronk Ramsey (2009b). As such, a balance was sought between rejecting 
dates to fit models. The remaining basal peat dates were analyzed automatically for temporal outli-
ers in a sedimentary sequence according to Bronk Ramsey (2009b).
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Figure 3  Age-depth plot of upper P_Sequence (green interpolation) and lower P_Sequence model (blue interpola-
tion) enveloping the dates excluded from the sequences in between (red) (calibrated date ranges at 2σ).
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Initiation of Peat Growth Under the Influence of Local Groundwater Rise
Age depth modeling of basal peat growth is usually carried out for reconstructions of groundwater 
rise to derive RSL rise. Throughout its history, the research has been refined from models of a coun-
try’s coastal plain (Jelgersma 1961) to defining the variability between single dune flanks (Cohen 
2003; Berendsen et al. 2007). Such high-resolution date series were not available for the dunes 
surrounding the Sector B and M sites and the topographic setting of the dated samples could not 
always be accurately determined. Therefore, our aims were to reconstruct the spread of peat land in 
the regional prehistoric landscape surrounding the archaeological sites (roughly between Antwerp 
and the Belgian-Dutch border). The whole possible chronological and elevation range of the sam-
ples is relevant, including the regional variability in peat development, rather than merely providing 
a linear paleogroundwater curve. The resulting age-depth model can be considered a regional “error 
envelope” of the minimal and maximal age-depth of the starting peat growth.
In most publications on basal peat dating, the age-depth position of a dated sample is determined by 
a simple error box, defined by the date range and estimated total vertical error (e.g. Makaske et al. 
2003). An advantage of the Bayesian approach allows deposition modeling of chronological records 
that includes both the full probability distribution function (pdf) of the 14C or other dates and prior 
knowledge about exactly known or randomly varying sedimentation rate, stratigraphic order, or 
gaps in the sedimentation sequence (Bronk Ramsey 2008). Such Bayesian models have been made 
on peat sequences of single cores with small depth errors (Yeloff et al. 2006; Blaauw et al. 2007), 
but rarely have they been applied to model the diachronic evolution of a single stratigraphic position 
from various cores. 
Unfortunately, the various local factors that influenced the determination of the elevation and time 
at which peat starts to develop could not entirely be included in the prior model. Thus, the initiating 
peat growth age-depth plot has a wide vertical and horizontal range of non-sequential dates. Con-
structing a single sequence including a maximal amount of data would still result in many outliers 
being excluded. Therefore, a minimal (upper, earlier) and maximal (lower, younger) age-depth se-
quence was constructed. Both sequences included as many dates as possible while reaching a suffi-
cient overall model agreement index for upper and lower sequence of the error envelope.
First, a simple OxCal Sequence model was tested by using just the elevation of the dates as an or-
dering prior. This sequence was insufficient because it did not allow interpolation between dated 
elevations. An OxCal P_Sequence was therefore chosen because this model assumes a random 
deposition rate with approximate proportionality to the elevation. The degree of proportionality can 
be set using the k parameter reflecting the number of random deposition events per z unit. In this 
study, the latter is defined by the sample elevation but the k parameter is harder to define. In a sin-
gle core sequence, it can be related to the granularity of the sediments or the size of the deposition 
events (Bronk Ramsey 2008). This cannot be applied here because the samples do not represent 
accumulating peat at a single coring location. They rather refer to a possibly 0.21-m (at 1σ) sized 
age-depth point in the regional accumulation model of peat over the Pleistocene surface. As such, 
the k parameter was set at 5, resulting in a small proportionality between the elevation and deposi-
tion rate. Between dates, only 10 interpolated dates per meter have been calculated to limit computer 
processing time. If basal peat dates had been selected from a core or profile with other dated strati-
graphic positions, these were included in the model using the “before” or “after” command defining 
additional termini ante/post quos in the prior model.
As a result, two acceptable P_Sequences could be created (Figure 4). The upper sequence included 
12 dates, while 15 dates fit in a lower sequence. Four dates (KIA-41136, KIA-12075, GRN-7938, 
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IRPA-712) had to be considered outliers to the upper and lower sequence. Nevertheless, they are 
located inside the error envelope. A fifth outlying date (IRPA-740) was statistically marked as an 
outlier but falls only partially outside of the error envelope. 
Both the upper and lower curve show a decrease in the peat development surrounding the start be-
tween 7000 and 6500 cal BP, while it increases again afterwards. This shift is attested between sam-
ples KIA-36924 from the Doel-NPP core (Deforce 2011) and RICH-20057 from Doelpolder-Noord. 
Both have a position on a dune flank close together on the paleovalley of the Scheldt, assuring 
their reliability as a groundwater indicator. In the upper P_Sequence, this shift is defined between 
IRPA-458, retrieved from an intact peat profile in the Doeldok (Minnaert and Verbruggen 1986), 
and IRPA-769 (Kiden 1989) from the slope of the Scheldt paleovalley and therefore also considered 
reliable indicators. The start of this decrease could possibly be related to the delaying MSL rise 
(Tornqvist and Hijma 2012) combined with the closing coastal beach ridges. The increase after 6500 
cal BP could relate to the appearance of the tidal Calais sedimentation (see below), neutralizing a 
tidal damping effect possibly existing before.
The newly gathered dates between 6000 and 5500 cal BP are filling a gap in the published dates in 
the Scheldt paleovalley and allow better comparison with the data from Zeeland. The lower time-
depth of these dates confirms the observation by Kiden (1995) that the development of peat in the 
Figure 4  OxCal plot of Bayesian sequence of “Top of Basal Peat” phase dates followed by the 
“Basis of Holland” peat phase dates with sequential boundaries (A: agreement index; outliers: “?”; 
P: outlier probability).
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Scheldt Valley was more directly influenced by the effects of MSL rise than the Zeeland peat, which 
was developed higher due to the groundwater effect.
The size of the error envelope is probably a result of the large variability in undulating Pleistocene 
topography, changing flood basin, and estuary and river gradient effects. Because even dates from 
the same core or section fit in both sequences, it can be concluded that spatial and temporal resolu-
tion of the dates was not yet high enough to disentangle all of these more local effects as observed 
by Makaske et al. (2003).
The Occurrence of Calais Sedimentation in the Scheldt Polders
Inherent problems with summed probability functions to date geomorphological events have been 
described by Chiverrell et al. (2011). Therefore, the chronology of appearance and disappearance 
of the tidal Calais landscape was reconstructed using a Bayesian approach including the following 
a priori information.
The first assumption is that in all dated sequences the Calais sediments belonged to a single but 
continuous lithostratigraphic unit and that the Holland peat did not start to grow before the latest 
basal peat development was interrupted. Therefore, it can be assumed that the top of the basal peat is 
older than the base of the Holland peat. All dates belonging to the top of the basal peat are assumed 
to be unordered as well, allowing them to be grouped in a phase. The same was done for all dates of 
the base of the Holland peat. Secondly, it was assumed that the tidal influence was present during a 
distinct period and not a short event. As a consequence, the boundaries between both phases were 
modeled sequentially (Bronk Ramsey 2009a). Because the first appearance of the tidal landscape 
is sought, the end boundary is required from the oldest top of the basal peat dates. This boundary 
should refer to the event that started the expansion of tidal influence in the study area (Kiden 2006). 
The restart of peat growth happened as soon as this (inter-)tidal sedimentation reached a level above 
high water tide and tidal influence decreased. This continuous process was treated as a single broad 
phase. If other dates were available from the same core or profile, their stratigraphic information was 
included using the before and/or after function with the Calais-related datings.
Manual outlier selection excluded two samples related to the tidal clay deposits as they revealed an 
age inversion in the profile (IRPA-454 and IRPA-457) (Minnaert and Verbruggen 1986). Further-
more, a sample from a disturbed basal peat layer in a tidal channel (IRPA-946) (Van Strydonck et al. 
1995) was considered unreliable as well. One date (IRPA-947) of the basis of the Holland peat was 
excluded because the pollen data indicated a hiatus between the deposition of the underlying tidal 
clay and the covering Holland peat (Van Roeyen et al. 1991). The remaining dates were considered 
reliable for the prior model. One sample from the top of the basal peat was excluded because it did 
not result in an sufficient model agreement index (RICH-20091). This sample was recovered near 
the top of an eolian sand ridge.
Using the remaining dates, a sufficient posterior model could be established (Figure 5). The end 
boundary of the top of the basal peat dates revealed the start of the earliest (inter-)tidal influence 
between 6620 and 6200 cal BP (2σ). Similarly, the start boundary of the base of the Holland peat 
revealed the renewed peat growth starting between 6300 and 5760 cal BP (2σ).
The start of this sudden upstream expansion of the estuary of the Scheldt into Belgium coincides 
with the supposed breakthrough period of a tidal channel preceding the current Oosterschelde (Vos 
and van Heeringen 1997; Kiden 2006). This new estuary that broke through the coastal barrier pos-
sibly caused an increase in tidal influence, which decreased tidal damping.
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The end date range of the Calais sedimentation period is less well defined as this was probably a 
more complex transition. Because the study area comprises the most inland extension of the tidal 
influence, it was probably also among the first to be effected by the reduced tidal range and devel-
opment of Holland peat.
Figure 5  OxCal plot of Bayesian model of the occupation phases of Sector B and M sites (A: 
agreement index).
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Swifterbant Culture Occupation at Sector B and M Sites
The occupation of the Sector B and M sites has also been modeled as a single phase, consisting of 
two possibly overlapping subphases of Sector B and M. The start and end boundaries of the overall 
phase were used to estimate the start and end of Swifterbant occupation. The Bayesian modeling 
of the occupation revealed an individually outlying date in Sector B (NZA-12076) (Van Strydonck 
2005) (Figure 6). Upon closer examination, it was found that this date was retrieved from a hearth 
situated higher on the sand ridge, which could be related to the peat development (see below). As 
a result, the posterior model of Sector B and M revealed the occupation started between 6550 and 
6390 cal BP (2σ) and lasted until between 6170 and 5950 cal BP (2σ).
Integrating the Initiation of Peat-Growth Error Envelope, the Occurrence of the Calais 
Landscape, and Archaeological Dates
Integrating independently dated archaeological and geological sequence records using a Bayesian 
approach is rarely done (e.g. Gearey et al. 2009). This study will do so by testing correlation and 
order between archaeological occupation and geological events, such as individual dates or bound-
aries of contemporaneous phases and/or chronological sequences. The elevation of the basal peat 
at the start and end of Swifterbant occupation is relevant as it determines the amount of available 
“dry” land. However, querying a probability range of elevation values in the initiating peat growth 
sequences at the boundaries of the Calais sedimentation phase or Swifterbant occupation was not 
yet possible using OxCal v 4.2. Therefore, a simple plot of the archaeological dates in the basal peat 
age-depth model (Figure 6) was made that nevertheless revealed some key insights.
It seems that at the start of the Swifterbant occupation, the hearths were situated at least 1 m above 
the maximal envelope of the initiating peat growth. This means that the site inhabitants settled 
(temporarily) in the supratidal area of the floodplain, only accidently touched by tidal flooding and 
too highly elevated for peat development. This is confirmed by the reconstruction of an alluvial 
hardwood surrounding the well-drained sites (Deforce et al. 2013).
It appears that through time the rising peat caught up with the level of occupation. At that time, the 
tidal zone (roughly below the lower boundary of the error envelope) was still about 1 m below the 
sites. This could explain the observed gap between the end boundary of the dated hearths and the 
start boundary of Holland peat growth. It also shows that the end of the Swifterbant occupation at 
Sector B and M was determined by the disappearance of the tidal environment. Whether this meant 
the end of the Swifterbant culture in this part of the Scheldt Valley remains unclear as it could well 
have continued at higher topographic positions. Unfortunately, chronological evidence from higher 
positioned archaeological sites in the study region is currently missing (Crombé et al. 2011a).
The relationship between the (inter-)tidal Calais sedimentation and the Swifterbant occupation of the 
region was investigated using the OxCal correlation plot and order query functions. The correlation 
plot between the end boundary of the top of the basal peat and the start boundary of the Swifterbant 
occupation reveals a large correlation between around 6500 and 6430–6480 cal BP (Figure 7). Com-
bined with the 61% probability that the start of the Swifterbant occupation followed the end of basal 
peat formation, it can be concluded that the Swifterbant occupation of the sites started shortly after 
the appearance of a tidal environment. This suggests that the choice to start setting up camp on the 
excavated sand ridges might have been at least indirectly influenced by the appearance of this tidal 
environment. This is further corroborated by the occupational gap between the Early Mesolithic and 
Swifterbant culture, attested on both sand ridges (Boudin et al. 2010). Apparently, these dunes were 
not attractive for occupation during the period of peat development preceding the tidal influence. 
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A broader correlation peak indicates a lower degree of correlation between the end of Swifterbant 
occupation and the restart of Holland peat growth (Figure 8). In combination with an 80% probabil-
ity of the Swifterbant occupation ending before peat growth restarted, it can be concluded that a gap 
exists between the end of the archaeological record and the disappearance of the tidal environment.
The chronological models clearly suggest that the occupation of Sector B and M happened when the 
tidal Calais landscape was surrounding the sites, which is further confirmed by paleobotanical and 
archaeozoological evidence (see earlier) (Crombé 2005; Deforce et al. 2013; Van Neer et al. 2013).
These results allow the dates for site occupation to be included in a chronological sequence model 
between the top of the basal peat and the base of the Holland peat dates. A contiguous boundary is 
suitable to model the first transition samples, and a sequential transition was the optimal solution to 
Figure 6  Detail of the basal peat curve (see Figure 3) including the archaeological 
Swifterbant dates (see Figure 5) (black).
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model the gap between the Swifterbant dates and the base of the Holland peat samples. The resulting 
model (Figure 9) refines the boundary between the end of basal peat growth and the Swifterbant 
occupation between 6530 and 6410 cal BP (2σ). The end of occupation is modeled between 6180 
and 5980 cal BP (2σ) and the restart of Holland peat growth between 6090 and 5770 cal BP (2σ).
CONCLUSIONS
Regarding the first aim of this paper, the basal peat results show that a maximal error envelope for 
a regional model of the start of peat accumulation was obtained, using a data set of diverse origin. 
This model was able to add new dates to existing groundwater curves, which confirms the differing 
hydrological dynamics between the Scheldt paleovalley and the rest of Zeeland before they became 
part of the same floodplain. Further refinements could be made if high-resolution 14C dating se-
quences of basal peat are collected, such as along separate eolian coversand ridges along the Scheldt 
river to study more local factors determining the initiation of peat development.
Figure 7  OxCal correlation plot of the top of basal peat 
growth [end boundary pdf (from Figure 4)] and Swifterbant 
occupation [start boundary pdf (from Figure 5)].
Figure 8  OxCal correlation plot of Swifterbant occupation 
[end Boundary pdf (from Figure 5)] against the base of Hol-
land peat growth [start Boundary pdf (from Figure 4)].
Figure 9  Bayesian model of the contiguous boundaries from a sequence of phases: top basal peat; Swifterbant 
occupation and base of Holland peat.
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Secondly, the sudden expansion of the tidal influence in the Scheldt River floodplain could be ac-
curately dated and situated within the proposed timing of the development of the later Oosterschel-
de estuary more downstream. The end of this organic clastic environment is chronologically less 
sharply defined.
Finally, the near-contemporaneity of start of the (inter-)tidal influence in the region with the arrival 
of the Swifterbant culture at the Sector B and M sites could be proven, and further supported by 
tidal indications during the occupation of the sites in the archaeozoological and archaeobotanical 
remains (Crombé 2005; Deforce et al. 2013; Van Neer et al. 2013). The regional paleogroundwater 
model suggests that site occupation started well above groundwater and ended when the earliest 
peats could start to develop at the site. The gap between the end of the occupation of the sites and the 
end of the tidal influence could be explained by the retreat of the Swifterbant inhabitants to slightly 
higher, currently unexcavated areas.
Future applications of the results include paleogeographic landscape reconstruction at specific time 
intervals (e.g. Vos and van Heeringen 1997) or an interpolation including variability in three dimen-
sions, rather than elevation only (e.g. Cohen 2003). The results also generate new research questions 
regarding the archaeological occupation of the alluvial plain of the lower Scheldt. 
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